ABSTRACT: Sinuous deep-water channels are recognized in most large deep-sea fans in the world. They present a particular interest to oil companies, since they are significant hydrocarbon reservoirs in deep offshore environments. The understanding of their geometries and their internal sedimentary architecture is necessary to better characterize reservoir heterogeneity of sinuous submarine channels. Therefore, numerous studies have been undertaken recently to better understand the behavior and sedimentary architecture of deep-water channels.
INTRODUCTION
Meandering deep-water channels have been observed at the surfaces of most of large deep-sea fans in the world: the Amazon Fan (Damuth et al. 1983; Flood and Damuth 1987; Pirmez and Flood 1995) , the Mississippi Fan (Kastens and Shor 1986; Pickering et al. 1986 ), the Bengal Fan (Hü bscher et al. 1997; Schwenk et al. 2003) , the Indus Fan (Kenyon et al. 1995; Kolla and Coumes 1987) , the Nile Fan (Loncke et al. 2002) , and the Rhô ne Fan (Droz and Bellaiche 1985; Torres et al. 1997) . Submarine meandering channels present a particular interest to oil companies, since they are significant hydrocarbon reservoirs in deep offshore environments. The understanding of their geometries and their internal sedimentary architecture is necessary to better characterize reservoir heterogeneity. Therefore, numerous works have recently been carried out by both industrial and academic researchers to understand the behavior and sedimentary architecture of sinuous deep-water channels, including different approaches: study of modern deep-water channels, outcrop analysis (Arnott 2007; Labourdette et al. 2008) , 3D seismic studies (Abreu et al. 2003; Deptuck et al. 2007; Kolla 2007) , and numerical and experimental modeling (Corney et al. 2006; Das et al. 2004; Imran et al. 2007 ; Kassem and Imran 2004; Keevil et al. 2006; Peakall et al. 2000; Straub et al. 2008) .
The aim of this paper is to present our results concerning the development of the meandering channel of the present Congo turbidite channel. Based on high-resolution data acquired on the presently active Congo channel, we describe the detailed sedimentary architecture linked to meander development and intrachannel deposition, and analyze the possible channel behavior and flow processes. Finally, we propose a model explaining the evolution of channel morphology through time, focused on meander development.
Our work results from the study of the Congo (or Zaire) modern deepsea fan, conducted within the ZAIANGO project, in collaboration between IFREMER and TOTAL. The study of meandering morphology of the present Congo turbidite channel was performed using a complete set of high-resolution data: bathymetry, backscatter sonar image, echosounder profiler, and gravity piston cores (Babonneau et al. 2002) . The Congo channel is presently active. The meandering and incised channel morphology is dynamic and presently continues to evolve. Babonneau et al. (2002) described the channel morphology and the general seismic structure of the turbidite system from the head of the canyon down to the channel-mouth lobe. The work presented in this paper focuses on the detailed architecture of several meanders with highresolution tools to address the sedimentary structures linked to meander migration and intrachannel deposits. The high-resolution dataset includes high-resolution bathymetric data (EM300), side-scan sonar, seismic and echosounder data, and piston cores. It provides a new description of the evolution of channel morphology, at a scale intermediate between outcrop observations and seismic data.
Submarine meandering channels are often compared to fluvial channels for their similar planform shape. However, deep-sea channels are known to exhibit several differences with rivers in terms of channel behavior as migration, aggradation, incision, or levee development (Abreu et al. 2003; Kolla et al. 2007 ). Based on high-resolution data, the characterization of the Congo turbidite channel provides new information for comparison with fluvial channels, existence of lateral-accretion deposits (point-bar deposits), and interpretation of flow processes near the channel bottom of turbidite channels.
GEOLOGICAL SETTING AND PREVIOUS WORK
The Congo-Angolan Margin and the Congo Deep-Sea Fan
The Congo Deep-Sea Fan is located on the Congo-Angolan margin, which is a mature, passive continental margin resulting from the Early Cretaceous opening of the South Atlantic Ocean (130 Ma) (Jansen et al. 1985; Marton et al. 2000) . The depositional limits of the fan extend from the base of the continental slope, at the outlet of the Congo Canyon, to the abyssal plain. The submarine Congo Canyon marks the limit between the Congo and the Angola margins. It is strongly incised across the shelf and the continental slope (Ferry et al. 2004) . The Congo Canyon is directly connected to the Congo River mouth (Fig. 1) . The gravity currents generated in the canyon head transfer most of river sediment discharge towards the deep-sea fan at more than 3000 m water depth (Babonneau et al. 2002; Savoye et al. 2009 ).
The deep-sea fan displays a complex paleochannel network extending over 300,000 km 2 (Savoye et al. 2000) . Most of the paleochannels still visible at the present basin seafloor are Quaternary in age (Droz et al. 2003) . The present turbidity currents arriving from the Congo Canyon flow along a unique active channel located in the central part of the fan (called the Axial Fan by Droz et al. 2003) and end up at more than 5000 m depth.
The Active Turbidite System
The present Congo Channel is located in the axial part of Congo Fan, in the direct prolongation of the Congo Canyon. The Congo Channel is continuous and clearly visible on the bathymetric data. It is deeply incised below the base of its associated levees (Babonneau et al. 2002) . It extends as far as 750 km from the African coast, and ends in a relatively flat area in the distal lobe complex (Fig. 1) . The presently active Congo turbidite system is composed of four morphological zones (Babonneau et al. 2002): (1) an erosional submarine canyon, (2) a transitional zone from canyon to channel-levee system corresponding to the upper-fan valley, (3) the channel-levee system, and (4) the distal lobes. Each zone is characterized by turbidity-flow behavior in terms of erosion, transport, and sedimentation.
The main peculiarity of the Congo turbidite system is the continuous activity of turbidity currents through the last sea-level rise and during the present high sea-level stand (Savoye et al. 2009 ). This continuous activity is recorded in the cores taken along the present Congo turbidite system (channel floor, levees, and lobes). Core studies show high sedimentation rates and record turbidites during the Holocene (Van Weering and Van Iperen 1984) . Moreover, the activity of turbidity currents is documented by submarine-cable breaks observed between 500 and 2300 m water depth (Heezen et al. 1964 ) and direct observations of gravity currents by a mooring located in the present channel axis (Kripounoff et al. 2003) . Good correlations in time are observed between major river floods and turbidity currents. The activity of the Congo turbidite system is thus directly linked to the Congo River behavior (Heezen et al. 1964) .
The thalweg of the whole Congo canyon and channel displays a smooth, concave-up, longitudinal depth profile ( Fig. 2A) and a remarkable deep incision of the channel floor. The origin of the strong entrenchment of the canyon and the thalweg incision across the whole shelf are not fully understood. The backward erosion of the canyon head probably generated the canyon's vertical incision across the shelf, during periods of sea-level rise. The continuity of the turbidity-current activity probably maintains the connection between the river estuary and the canyon head (Babonneau et al. 2002) .
Flow properties (flow velocity, turbulence, and erosive power) of turbidity currents depends directly on the characteristics of the sediment supply, such as sand/mud ratio, grain-size distribution, concentration, and volume, and also depends on the slope gradient along the canyon (e.g., Pratson et al. 2000) . The necessary conditions to erode are attained in the Congo system, despite the relatively low sand/mud content of sediment supply (estimated by the measurements of the sediment discharge in the Congo River estuary) (Moguedet 1988) . We interpret that the strong entrenchment of the upper part of the Congo channel suppresses the overflow of turbidity currents and maintains the flow of energy. The deposition of the sediment load of the turbidity currents occurs mainly along the lower fan, lengthening the Congo Channel and inducing the progradation of the distal lobes (Babonneau et al. 2002) .
Despite the strong entrenchment, the present Congo Channel is highly sinuous. The length of the Congo turbidite system, along the meandering pathway, from the canyon head to the lobes, is about 1200 km for a straight-line distance from the estuary of 760 km. The total sinuosity of the channel is 1.58, and it can be called a ''meandering'' channel (Leopold and Wolman 1957) . The sinuosity of the Congo channel is maximum along the upper-fan valley and along the upper part of the channel-levee system, where cut-off meanders are numerous ). The sinuosity irregularly decreases down to the lower part of channellevee system.
DATA
The results presented in this paper are based on the analysis of data acquired during GUINESS (1992 , 1993 ), and ZAIANGO (1998 , 2000 cruises. The general bathymetric map and sonar backscatter images were compiled from Simrad EM12 dual multibeam data. Complementary bathymetric data were collected with a Simrad EM300 dual multibeam sounder on narrow areas of the proximal part of the turbidite system. EM300 data have higher vertical and lateral resolution in water depths less than 3500 m. At 3000 m water depth, the processing of EM12 data provides a final terrain numerical grid with 100 m horizontal grid spacing and a vertical resolution around 6 10 m, whereas EM300 data provides a final grid with 50 m horizontal spacing and an average vertical resolution around 6 5 m.
Seismic-reflection surveys collected during the ZAIANGO cruises were made using several configurations. Profile Z2-21 (presented in this paper) is a high-resolution seismic profile collected at a speed of 5 knots, using a seismic source made of six small mini GI airguns shooting at a rate of 10 s (mean frequency 120 Hz) and a 2500-m-long 96-channel streamer. The vertical resolution of the profile is about 10 meters.
Side-scan sonar images and 3.5 kHz echo-sounder profiles, illustrating this paper, were obtained with the SAR system (a deep-towed side-scan sonar developed by IFREMER in 1982). The vehicle is towed at about 100 m above the sea floor at 2 knots, and it is equipped with a very highresolution side-scan sonar (170-190 kHz) and a 3.5 kHz echosounder profiler. The SAR backscatter images provide information on sea-floor texture and microtopography. Side-scan sonar images are firstly interpreted picking all the visible features. The interpretation of echosounder profiles corresponding to the sonar images give complementary information about acoustic facies (sediment type and texture), detailed morphology, and surface structure.
Kullenberg cores were collected in various part of the channel-levee system. They were analyzed using a Multi-Sensor Core Logger (Geotek Ltd.), which provides gamma density, magnetic susceptibility, and Pwave velocity measurements. Visual descriptions distinguished the main lithologies (clay, silty clay, silt, and fine sand), and vertical successions of sedimentary facies. A series of 1-cm-thick sediment slabs were collected for each split core section and X-radiographed using a SCOPIX digital Xray imaging system. Images of the sedimentary structures are enhanced after X-ray image processing.
MORPHOLOGY, SEISMIC ARCHITECTURE, AND SEDIMENTARY FACIES

Sinuosity and Meander Morphology at Regional Scale
The morphological analysis of the Congo channel was based on the general EM12 bathymetric map (Fig. 1) . Quantitative parameters such as channel relief, channel width, slope gradient along the thalweg, and sinuosity were analyzed by Babonneau et al. (2002) . Figure 2 illustrates the longitudinal depth profile of the Congo channel ( Fig. 2A) , the sinuosity calculated along channel segments 10 km long (Fig. 2B) , and the mapping of the Congo channel (Fig. 2C) .
The sinuosity of the Congo channel changes along its path (Fig. 2B ). In the canyon, the sinuosity of the thalweg is relatively low because of its strong entrenchment in a deep V-shaped valley. Meanders are small and restricted by the steep canyon walls. Thalweg sinuosity increases along the upper-fan valley, due to the decrease of the confinement. Babonneau et al. (2002) interpreted that the evolution of the thalweg sinuosity along the upper-fan valley directly depends on the valley relief. There is a relation between lateral erosion capacity and thalweg entrenchment.
The Congo channel-levee system is divided into two parts. The upper part of the channel-levee system is characterized by the highest sinuosity values (black sections in Fig. 2C ), which also exhibits numerous abandoned meanders, easily identifiable in the sea-floor morphology. The lower part of the Congo channel-levee system is characterized by decrease of sinuosity until the channel becomes a fairly straight path (light gray sections). In this area, meanders have simple shape and no abandoned meanders are visible.
The longitudinal slope gradient of the present channel is smooth, with a gradual downslope decrease ( Fig. 2A ) from 8 m/km in the head of the canyon to 2m/km in lower channel-levee system. The downslope decrease of sinuosity could be linked to the decrease in slope and flow energy. However, ancient channels of the Congo Fan, which extended farther into the distal plain than the present system, were highly sinuous with the same order of very low slope gradient. Their paths are highly meandering at the depth of the present distal lobes. Thus, the relation between slope gradient and sinuosity is probably not as simple as in fluvial meandering valleys and remains unclear in turbidite environments (Babonneau et al. 2002) .
Details of the Channel-Levee Morphology from the EM12 Backscattering Image
The EM12 backscattering image provides information concerning the surface sedimentary cover. The backscattering image (Fig. 3A) is focused on the channel-levee system. Contrasts in backscatter facies result mainly from lithological and grain-size contrasts, variations in relief, and compaction variations of the surface sediments. Figure 3B is the interpreted map of the backscattering image combined with the analysis of 3.5 kHz echosounder profiles. Levee boundaries of the present channel are underlined by black lines visible in both Figure 3B and 3C. Levees extend from 4 to 20 km on each side of the channel (average 10-12 km). Large sediment waves cover the whole levees, as described by Migeon et al. (2004) . The distribution of sediment waves is not homogeneous. They are arranged in multiple fields. In the upper part of the channel-levee system, the sediment waves are well developed in the external area of sharp meanders. In the lower part of the channel-levee system, they are more continuous along quasi-rectilinear channel segments (Migeon et al. 2004) .
The sinuosity and the meander shape change along the channel. Seven areas are distinguished by the morphological characteristics of meanders ( N Areas 1 and 2 belong to the upper-fan valley. Area 1 is characterized by a very irregular sinuosity, which increases downslope (Fig. 2B ). The morphology of the meanders is complex (asymmetrical and with several orders of wavelength and amplitude). In numerous areas, the meanders are abandoned. Area 2 is fairly similar but with higher average values of sinuosity.
N Areas 3, 4, and 5 belong to the upper part of the channel-levee system.
In Area 3, abandoned meanders are less frequent and less visible than along the upper-fan valley. Meander morphology in Area 3 is complex with asymmetrical geometries. The sinuosity in Area 3 is very high and irregular. Area 4 is characterized by numerous abandoned meanders. The sinuosity in Area 4 is high (. 1.5). The meander morphology in Area 4 becomes simple and mainly symmetrical. In Area 5, the sinuosity has a lower value. The meanders in Area 5 are simple and symmetrical, with only five loop cut-offs.
N Areas 6 and 7 belong to the lower part of the channel-levee system. Along this part of the channel, there is no abandoned meander. In Area 6, the sinuosity is medium and relatively irregular. The meander morphology in Area 6 is simple and asymmetrical. In Area 7, the sinuosity is low and decreases downslope. The meanders in Area 7 are symmetrical with simple shape.
Meander morphology appears more complicated upslope (abandoned meander, asymmetrical, and composite meander shapes) than downslope, in spite of a very low gradient change (less than 2m/km). The difference in morphology probably is because the upstream reaches are older and have undergone a longer evolutionary history.
Contribution of EM300 Data High-Resolution Bathymetry
The first bathymetric map of the Congo Fan was obtained using a multibeam EM12 Simrad sounder (in 1998). The quantitative morphological analysis of the present Congo channel (Babonneau et al. 2002) was based on EM12 dataset. It expressed values of the main morphological characteristics and their general evolution along the channel pathway. At the scale of one or several meanders, the bathymetric contours were smoothed and the channel section appears symmetrical (Fig. 4A) .
The data collected with a multibeam EM300 Simrad sounder provided a higher-resolution image of the seafloor morphology (Fig. 4B) . However, such high-resolution data were collected only along a 100-km-long segment of the upper Congo channel-levee system, from 3500 to 4000 m water depth (location in Fig. 2 ). At this water depth, the EM300 swath is limited to 3 km.
The EM300 contour map (Fig. 4B) shows small crescent-shaped planar areas in the channel banks, forming terraces. They are located mainly on the inner bank of the channel, but their location varies depending on the meander morphology. Bathymetric sections across the channel indicate that the channel section is almost asymmetrical. The channel section presents a steep Fig. 2) . The EM300 bathymetric map shows more morphological details and particularly small terraces created by channel migration.
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bank in the outer part of the meander and a smoother inner bank. Inner banks are frequently composed of one or several steps of small terraces. This morphology looks like a fluvial pattern across a meander, depicted by an eroded abrupt outer bank and a smooth opposite bank with point-bar accretion (Leopold and Wolman 1960; Schumm and Winkley 1994) . The asymmetric sections of the Congo channel, clearly visible on the EM300 map (Fig. 4B) , suggest a progressive migration of the thalweg. The terraces probably correspond to the imprints of the morphological change of the channel. Arrows (Fig. 4B) illustrate the surface dip of the terraces, which probably indicates the local migration direction. Different types of migration are visible: (1) lateral extension of meander or meander growth, (2) downslope translation of the channel path, and (3) loop cutoff. Similar geometries are observed along meandering rivers, suggesting a very similar planform evolution of channels (Brice 1974) .
The morphological imprint of lateral migration, responsible for meander growth (Zoom 1 of Fig. 4) , often shows several steps in the inner bank. The steps suggest that meander development is not a continuous process but occurs in several stages with changes in migration direction (Zoom 1 of Fig. 4 ). In contrast, the morphological imprints of downslope translation (Zoom 2 of Fig. 4 ) are small terraces with a quite regular and low slope gradient.
The morphological features of the terraces strongly indicate lateral migration of meanders. Although the processes are still unclear, the probable morphological evolution of the turbidite channel is similar to those observed in rivers, and results from the erosion of the outer bank and depositional processes in the opposite bank. The presence of terraces (single or stepped terraces) could indicate a vertical incision of the channel coeval with lateral migration. However, these terraces can also correspond to sedimentary deposits inside the channel. It is necessary to study seismic sections to interpret the possible vertical evolution of the channel floor through time.
Morphology and Surface Sedimentary Structures Imaged by the SAR System
High-resolution side-scan sonar images and 3.5 kHz echosounder profiles were taken on the channel-levee system using the deep-towed SAR system. Figure 5 shows two SAR images and their related 3.5 kHz profiles.
Profile and image G2Z07 (Fig. 5) are located in the area covered by EM300 data (location in Figs. 1 and 4B ). The channel is 200 m deep and more than 500 m wide. The SAR image G2Z07 shows a small flat terrace bordering the thalweg. The terrace is located upslope of the main meander and is interpreted to reflect a downslope thalweg translation. The terrace surface contains several converging lineaments oriented in the slope direction that correspond to erosional features (furrows). In the 3.5 kHz echosounder profile G2Z07 (Fig. 5) , the acoustic facies covering the terrace is quite similar to the levee facies (bedded acoustic facies), but the penetration is poorer than in the levee crest. This slight contrast of penetration may indicate coarser or more consolidated deposits on the terrace than on the levee crest.
Profile and image G2Z-04 ( floor is 250 m wide. The image covers a well-developed tight meander bend. The profile follows the axis of the meander loop and shows the abrupt outer wall (northern bank) and stepped structures in the internal bank of the meander. The 3.5 kHz echosounder profile shows bedded acoustic facies on top of the outer flank, typical of levee deposits. The sedimentary deposits in the stepped structures are also characterized by a bedded acoustic facies with good signal penetration. Acoustical characteristics appear relatively similar to levee acoustic facies, but there are numerous oblique discontinuities, which are interpreted as small faults or sliding surfaces. The three steps of terrace seem to correspond to three stages of meander growth with changes of migration direction (quite similar to the stepped terraces described in Fig. 4 ).
Seismic Structure across Meanders of the Present Channel
Most seismic data available across the Congo channel has too poor horizontal and vertical resolution to define sedimentary structures inside the channel. Moreover, the number of profiles crossing the present channel in an optimal position to observe meander migration is small. For these reasons, we firstly interpreted the sedimentary units observed inside the present channel axis as large slides of the channel banks, by analogy with what was observed in other submarine canyons (Kenyon et al. 1995; Klaucke and Hesse 1996; Liu et al. 1993) . Later, we collected higher-resolution data combining SAR and EM300 data. As we showed previously, the high-resolution data highlighted depositional terraces in the channel axis in relation with channel migration and meander formation. This new interpretation led us to reinterpret the initial seismic data.
The seismic profile Z2-21 (Fig. 6) is one of the best profiles of the ZAIANGO seismic data crossing the channel-levee system. It shows welldeveloped levees on both sides of the channel, above a basal complex with high-amplitude reflections (HARPs) and chaotic layers (Fig. 6) . Inside the channel, a large sediment accumulation built a terrace in the northern channel bank. At the base of the accumulation, we can distinguish oblique to sigmoidal high-amplitude reflectors corresponding to the lower sedimentary unit (underlined by dashed line in Fig. 6 ). The reflectors are inclined toward the south, forming downlap geometry toward the present channel axis. The reflectors underlined by dashed lines are laterally correlated and probably correspond to paleo-bathymetric surfaces. Considering the high vertical exaggeration of the seismic profile, the reflectors show angles less than 3u. The lower sedimentary unit is covered by lower-amplitude and subhorizontal reflectors forming the upper part of FIG. 6 .-High-resolution seismic profile Z2-21 across the present channel-levee system (location in Fig. 2) , showing a small terrace (levees in light gray, HARP's in dark gray, and chaotic layers in medium gray). the terrace (above the upper dashed line). The lower unit is interpreted as point-bar structures, synchronous with the lateral migration of the channel. In contrast, the upper unit has a draping shape and low-amplitude discontinuous reflections. The seismic facies is quite similar to the levee seismic facies. Based on its draping geometry, it was deposited after the channel-migration stage. The base of the well-defined concave-up highamplitude reflectors, visible under the terrace, is located at about the same level as the present channel floor. They can correspond to the ancient locations of the channel axis through time. If this interpretation is correct, following an incisional phase, the elevation of the channel floor remained stable during lateral migration with only a small aggradation component.
Cores Collected in the GUINESS Area: Channel Floor, Channel Banks, and Levees
The GUINESS area corresponds to a short channel segment of the upper part of Congo channel-levee system (Fig. 1) . In the GUINESS area, the channel floor is about 200 m below the levee crests. The channel path is highly meandering (Fig. 2) and shows one well-developed meander and one well-shaped meander cutoff (Fig. 7) . A set of seven piston cores were collected along a transect crossing the inner bank of the well-developed meander (core locations in Fig. 7) . Two cores are located on the outer levees (KG2Z-02 and KG2Z-03), two cores sampled the FIG. 7.-Core descriptions across the channel in Guiness Area, see the location of cores in the bathymetric map and in the bathymetric profile: KG2Z-02 and 03 are located in the external levee, KZR19 and 21 sample the channel floor, and KZR17, 18, and 22 were collected in the inner levee. channel floor (KZR19 and KZR21), and three others were taken at various levels in the terrace located the inner bank of the meander (KZR17, KZR18, and KZR 22). Unfortunately, no high-resolution seismic profile is available along the core transect, and this limits our interpretation of the detailed sedimentary architecture in the GUINESS area.
Cores Collected in the Levees: KG2Z-03 and KG2Z-02
KG2Z02 is located on the southern levee of the Congo channel at a water depth of 3490 m and 200 m above the channel floor (Fig. 7) . The core consists of a succession of fine-grained turbidite deposits, dominated by silt, silty clay, and clay. There is no sandy interval. The silty intervals are less than 5% of the core (95% clay and silty clay) and are concentrated at the base of the core in the lowest 5 m. The bases of turbidite deposits are sharp, or gradual where there is intense bioturbation. Sand beds are normally graded. Silt and silty-clay intervals are characterized by a dark color, induced by the high content of organic matter (small vegetal debris and oxides). At the core location, the levee was fed by the overflows from the abandoned meander when it was active. Present sedimentation is probably due to turbidity currents overflowing from the upstream meander.
KG2Z03 is located on the northern levee at 3530 m water depth (Fig. 7) . This area is fed by sediments provided by turbidity currents overflowing the outer bank of the well-developed meander. The core consists of a succession of fine-grained turbidite deposits, dominated by silt, silty clay, and clay. There is no sand interval. The silty intervals are less than 2% of the core (98% of clay and silty clay). The vertical succession shows a fining-upward evolution with more frequent silty sequences at the base of the core. Photographs and X-radiograph images of KG2Z03 (Fig. 8) show examples of the fine-grained turbidite deposits, with a vague basal contact and a lower silty interval (several centimeters thick). These deposits are structureless and highly bioturbated. Silt and silty-clay intervals are also characterized by a dark color, induced by the high content of organic matter (vegetal debris and oxides). 
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Sedimentary Facies of the Terrace Deposits: KZR17, KZR18, and KZR22
Three cores were collected in the terrace located in the inner bank of the meander. They are located respectively at 3526 m, 3577 m, and 3660 m water depth. In other terms, KZR22 is located at 40 m above the present channel floor, KZR18 is 120 m above the channel floor, and KZR17 is 170 m above the channel floor (50 m below the levee crest).
The sedimentary facies are quite similar to levee facies, with successions of fine-grained turbidite deposits (silt and silty clay, normally graded deposits). However, content of silt and fine sand is higher than in cores taken in the levees. These three cores show fining-upward successions. Silt and silty-clay intervals are characterized by a dark color, induced by the high content of organic matter (vegetal debris). The clayey intervals are brown and bioturbated. Figure 8 shows photographs and X-ray images of selected core sections. These sections illustrate the most representative facies of the cores with the best-preserved structures. They correspond to sections 70-80 cm long, located in the uppermost 5 meters at the top of the cores.
KZR17 is composed of a succession of fine-grained turbidite deposits, dominated by silt, silty clay, and clay. There are no sand layers in this core. The silt content is about 3-5% (95% of clay and silty clay). Turbidite deposits present sharp bases and normal grading (Fig. 8) .
KZR18 is also characterized by a succession of fine-grained turbidite deposits, dominated by silt, silty clay, and clay. Sandy layers are present but sparse and thinner than 5 mm (sand content lower than 1%). The silt content is about 10-15% (85% of clay and silty clay). Turbidite deposits present sharp bases and normal grading. The thickest silty intervals present horizontal lamination. The vertical stacking of turbidite deposits shows fining-upward sequences of three or four turbidite deposits (Fig. 8) . Several intervals of KZR18 are locally unstructured and liquefied because of the presence of gas (methane) in the sediment. The sediment collected in the Congo fan is very rich in organic matter, and particularly vegetal debris directly coming from the Congo River. Locally, the sediment is partly saturated in methane. The pressure changes during the coring induce sediment liquefaction and deformation.
KZR22 consists of a succession of fine-grained turbidite deposits, dominated by silt and silty clay. Sandy layers are visible but are sparse and characterized by thin intervals about 1 to 2 cm thick. The sand content is about 3% and the silt content is about 40-45% (55% of clay and silty clay). Turbidite deposits present sharp bases, variable thicknesses, normal grading, and frequent horizontal lamination in the thickest silty intervals (visible in the X-radiograph image in Fig. 8) .
A gradual evolution of sedimentary facies is visible from KZR17 to KZR22, with more abundant and thicker silt beds seen in the cores closer to the channel axis.
Cores in the Channel Floor: KZR19 and KZR21
KZR19 and KZR21 were collected in the channel axis. Both consist of massive, structureless medium to fine sand, and locally contain vegetal debris and mud clasts. The sand content is about 95 to 100%. KZR21 is characterized by higher mud content than KZR19 (poorly sorted sand), perhaps due to its proximity to the outer channel bank. This part of the channel floor is probably occasionally laterally fed by sediments coming from outer-bank erosion and instabilities (dominantly muddy blocks and debris). The absence of structure in visual description and X-radiograph data is difficult to interpret. It could be partly the result of coring disturbance (sand liquefaction). In some core sections however, the lack of obvious coring disturbance (flow in) suggests the presence of amalgamated massive sand layers. It indicates significant reworking of the sediment deposited in the channel floor (erosion and traction processes) at the bases of the turbidity currents.
DISCUSSION
The high-resolution bathymetric, seismic, and core data presented in this paper illustrates the meandering morphology and sedimentary architecture of the Congo turbidite channel in unprecedented detail. Integrating the information provided by this dataset, we propose a model for the channel evolution and for the development of the meanders and associated terraces.
Longitudinal Evolution of the Sinuosity along the Present Congo Channel
The longitudinal evolution of the sinuosity along the Congo channel shows a high and nonlinear variability (Fig. 2) . The meandering morphology of the Congo canyon and submarine valley is probably not controlled by one simple rule, such as the link between slope gradient and sinuosity value.
The morphology of the upper part of the channel-levee system is more complicated (abandoned meander, asymmetrical and composite meander shapes) than the lower part (Figs. 2, 3) . Channel gradients are very low, evolving from 4 m/km to 2 m/km. The complete study of the Congo deepsea fan and its seismic structure reveals that the active channel was built progressively basinward. The distal part of the active channel is younger (approximately 10 ka) than the upper part of channel, which is estimated to be older than 100 ka (Babonneau et al. 2002) . Therefore the understanding of the meandering pattern of the Congo submarine valley is not simple, because the morphology of the different channel segments corresponds to different scales of evolution with probable changes in flow processes in time and in space. The distal part of the channel being young, it is relatively immature. It is less sinuous than the upper channel segments (Fig. 2) and probably displays how the Congo channel looked in its initial form.
The observation that sinuosity in many submarine channels increases through time has been documented by several previous studies (Deptuck et al. 2003; Deptuck et al. 2007; Kolla 2007; Kolla et al. 2001; Peakall et al. 2000) . In our study, the increase of irregularity and the complexity of meandering shape (abandoned meander, asymmetrical and composite meander shapes, visible in Fig. 3 ) toward the upper part of the channellevee system is probably directly induced by the maturity of the channel, reflecting a longer evolutionary history with the superposition of several meander generations.
Evidence of Lateral Migration of the Thalweg
Data acquired on the Congo channel clearly show a gradual lateral migration of the thalweg and meander development. The EM300 bathymetric map illustrates the morphological imprints of the migration (Fig. 3B) , underlined by the presence of terraces inside the channel. In Figure 3 , a great diversity of migration types are visible: lateral extension of meander, downstream translation, and loop cutoffs.
We define two types of terrace: (1) single terraces (Fig. 4 , Zoom 2), and (2) stepped terraces (Fig. 4, Zoom 1) . The two types of terrace are also imaged with the SAR system and 3.5 kHz echosounder profiles in Figure 5 (single terrace in SAR image G2Z-07 and stepped terraces in G2Z04). The single terraces are characterized by a nearly flat surface gently inclined downstream toward the channel axis (Fig. 5, G2Z-07) . We interpret that the slope direction of the terrace indicates the main direction of channel migration. These terraces are the imprints of the progressive downstream translation of the channel.
The stepped terraces are characterized by several levels of successive small terraces (Fig. 5, G2Z-04) , with various directions and values of gradient. We also interpret that the slope directions of the stepped terraces indicate the directions of channel migration. These terraces are located in the inner banks of well-developed meanders and correspond to the different stages of meander development. In Figure 5 (image and section G2Z-04), the first stages of meander development are illustrated by the upper terraces and show the lateral migration of the meander. Then, the channel migration changes in direction and turns about 90u in the lower terrace, toward the downstream direction of the general slope. The changes in migration do not occur progressively but by successive stages forming the stepped terraces. The change of migration direction could be linked to upstream morphological changes or changes in flow dynamics.
In the high-resolution morphology, we describe two types of terrace corresponding to two types of channel migration: lateral extension of meander, and downstream translation. The other type of channel migration visible in the morphology is loop cutoffs (Figs. 3, 4) . These migration directions and forms are very similar to patterns and processes observed in fluvial environments (Brice 1974) .
What are the Terraces? Incisional Imprints or Depositional Units?
The interpretation of seismic sections shows that the present channel is over-incised (Babonneau et al. 2002) . The present channel floor is located below the base of the levee deposits. Profile Z2-21 shows a well-developed terrace, which is composed of a thick accumulation of sediment inside the channel (Fig. 6 ). This seismic structure suggests an infill during and after the meander migration. It also suggests that the channel was already deeply incised before the lateral migration and the formation of the terraces (Fig. 6) .
In the other seismic sections available across the present Congo channel, all terraces are characterized by thick accumulations filling the incised channel. In none of our seismic profiles have we observed terraces induced by the progressive incision of the channel, simultaneously with its lateral migration. It suggests that the vertical incision of the channel occurred very early and probably without significant lateral migration, as Figure 9 illustrates (stages 1 and 2).
The base of the terrace accumulation (Fig. 6) is located at a level close to the present channel floor (or below). It means the channel migration occurred with a channel floor level constant or with a little aggradation. These data suggest that lateral migration and meander development occur mainly after incision for a relatively stable channel floor, maybe when the turbidity currents are sufficiently channelized and confined to erode the channel bank (Fig. 9, stage 3) .
Profile Z2-21 (Fig. 6 ) also shows the internal structure of the sediment accumulation corresponding to the terrace. The accumulation is divided into two units: the lower unit is characterized by sigmoidal highamplitude reflectors, and the upper unit is a nearly constant-thickness unit draping pre-existing reflections (Fig. 6) . The obliquity of the sigmoidal reflectors is low and amplified by the vertical exaggeration of seismic sections (apparent dip less than 3u). However, this obliquity is probably more important in a section perpendicular to the channel (Z2-21 is oblique to the channel and probably not ideally oriented to observe the structure). The complete geometry of the lower unit, underlined by dashed lines, suggests a sigmoidal shape, typical of lateral-accretion deposits.
In rivers, point bars correspond to sandy accumulations, deposited on the inner banks of fluvial meanders. These sediment bodies are characterized by large oblique structures, which migrate toward the river axis during the gradual lateral migration of the thalweg. There is erosion of the outer bank and accretion of the inner bank (Bridge 1992) . In our data, the lower unit of the terrace identified in Z2-21 can be interpreted as point-bar deposits, with a shape very similar to those in fluvial systems.
Until now, true point-bar structures in large meandering turbidite channels were not easy to identify on seismic data (Deptuck et al. 2003; Deptuck et al. 2007; Kolla 2007; Kolla et al. 2001; Kolla et al. 2007 ). Abreu et al. (2003) showed significant oblique structures, which they interpreted as lateral-accretion packages, named LAPs. With our data along the present Congo channel, we probably image the same type of lateral-accretion deposits. The presence of point-bar deposits demonstrates that the meanders of the Congo submarine channel are migrating in ways analogous to those in rivers, in agreement with previous work by 
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J S R Kolla et al. (2007) and Abreu et al. (2003) . It implies that the basal flow of the turbidity currents occurring in the Congo channel behaves in a fashion similar to that of river flow (Fig. 9 , Stage 3) (Imran et al. 2007 ). The upper unit of the terrace of the seismic section Z2-21 (Fig. 6 ) drapes the point-bar deposits. It is characterized by a seismic facies with low-amplitude reflectors, very similar to levee seismic facies. It probably corresponds to the same type of deposit observed at the tops of the terraces imaged by the SAR system (Fig. 5) . In 3.5 kHz sections (Fig. 5) , the terrace deposits have also the same characteristics as levee deposits, with good penetration and bedded acoustic facies. Cores collected at the tops of terraces show the sedimentary facies covering the terraces (KZR17, KZR18, and KZR22 in Figs. 7 and 8) . The sedimentary facies are successions of fine-grained turbidite deposits, typical of overflow deposits (levee facies). In core data, there are more silty sequences in the cores collected in the terrace than on the true external levees (dominated by muddy turbidite deposits). The draping upper unit is probably built by the overflow processes of the turbidity currents on the terrace and can be considered as inner-levee deposits (Fig. 9, stage 4) . In the cores collected in the terrace, frequency and thickness of silty and sandy layers increase toward the channel axis. It correlates with decrease of the terrace height and distance from the active channel floor. It is probably due to vertical grain-size distribution in turbidity currents (Pirmez and Imran 2003) .
Inner-levee deposits are also observed in buried channels imaged by 3D subsurface seismic data (Deptuck et al. 2007; Kolla 2007) . They are also observed in outcrops (Elliot 2000; Labourdette et al. 2008 ). It has been described for different channel evolution: vertical aggradation with a lateral migration component, and lateral migration. For the Congo channel, the development of inner levees is identified for lateral migration with a stable channel level. The inner-levees presented in this paper aggrade above point-bar deposits after the lateral migration of the channel.
In the high-resolution data (morphology and SAR images), we observed that the largest terraces show several steps (Figs. 4 and 5, G2Z-04), with changes in the probable migration direction. This observation implies that the terrace formation often occurred by successive stages (Fig. 9 , stage 4): erosional stages inducing rapid lateral migration of the channel alternating with more depositional stages allowing inner-levee deposits with a relatively stable channel floor. This behavior could be explained by cyclic changes of flow characteristics, with periods of large and erosional currents alternating with periods of small and low-energy currents. This variations could be correlated with longterm fluctuations of the river discharge and climatic changes, but there is no accurate age control on the evolution of the terraces.
Flow Behavior
In this paper, we illustrate with high-resolution data that turbidity currents generate channel morphology and sedimentary architecture very similar to river flows. Turbidity currents are offset in the meander outer bank and erode it. The highest and most dilute part of the turbidity currents partly overflows the outer bank onto the levee crest. Most of the fine suspended sediment remains in the channel and feeds the terraces (Fig. 9, stage 4) .
Physical experiments and numerical models provide new information about flow dynamics and physical factors controlling the evolution of channel morphology with the three main components: incision, aggradation, and lateral migration (Kassem and Imran 2004; Keevil et al. 2006; Peakall et al. 2007; Straub et al. 2008 ). Some authors have recently shown that variations in basal flow and basal shear stress influence the formation, development, and facies of inner-bend accumulations in submarine channels, and ultimately may affect the evolution of the channel (Corney et al. 2006; Imran et al. 2007 ). In the Congo channel, the low aggradation of the channel floor is probably maintained by high basal shear stress, induced by a thin high-concentration basal flow layer.
The basal flow reworks sediments of the channel floor (the sandy deposits collected in KZR19 and KZR21 in Fig. 7 ) and erodes the outer banks of meanders. Above the basal layer, a thick low-concentration plume feeds fine-grained sediment to the inner banks of the meanders. The energy and velocity of the plume are probably relatively low. The low-density part of currents overflows and deposits fine-grained sediments on the outer levee (outer bank of meanders) and inside the channel feeding the inner levees.
The work presented in this paper provides new information about the meander development of an incised channel. It provides useful constraints for fundamental flume tank and numerical modeling work done to understand flow dynamics through sinuous channels (Kassem and Imran 2004; Keevil et al. 2006; Peakall et al. 2007; Straub et al. 2008) . The presence of structures very similar to point-bar deposits in submarine sinuous channels supports that helical flow fields in submarine settings have the same direction as in rivers, in agreement with the numerical model of Das et al. (2004) and Kassem and Imran (2004) .
CONCLUSIONS
The present Congo turbidite channel is a long incised submarine channel, which is presently active. It is highly meandering, and its sinuosity is highly variable all along its pathway. The Congo channel has been built gradually by progradation. Its distal extremity is relatively young and reflects the immature stage of the channel (low sinuosity). In contrast, the upper part of the channel has undergone a longer evolutionary history. Its pathway is complex and highly sinuous, with numerous abandoned meanders visible in the morphology.
The data available on the Congo active submarine channel show evidence of progressive channel migration and meander development. A detailed characterization of channel morphology indicates that the evolution of the channel path is very similar to that of fluvial meandering systems. We identify three main types of channel migration: (1) lateral meander extension leading to the formation of stepped terraces in the inner bank of the meander, (2) downstream translation of the thalweg forming single terraces, and (3) meander cutoff.
Seismic and 3.5 kHz echosounder profiles show that terraces are not the imprints of incisional processes but are true depositional units infilling the channel. Terraces are built during and after the lateral migration of the channel and are composed of (1) point-bar deposits and (2) inner-levee deposits aggrading above point-bar units. Point bars are characterized by low-angle oblique reflectors forming sigmoidal-shaped deposits, very similar to those observed in fluvial systems. The channel evolution (behavior and sedimentary architecture) shows many similarities with rivers and indicates that the basal parts of the turbidity currents flowing in the Congo submarine channel can be considered to be very similar to river flow.
With these interpretations, the morphological evolution of the Congo channel can be better constrained. We suggest that the initial channel probably incises vertically without significant lateral migration. After the incision stage, its level becomes stable and its pathway begins to migrate laterally and to develop meanders. The formation of point-bar deposits occurs during the migration. Later, terraces aggrade, fed by the overflows of turbidity currents, and form inner-levee deposits.
The high-resolution dataset collected in the present Congo turbidite channel provides a new description of the channel morphology and evolution, at a scale intermediate between outcrop observations and 2D and 3D seismic data. It provides detailed interpretation of intra channel sedimentation associated with lateral channel migration and also provides new data for interpretation of flow dynamics in submarine meandering channels.
